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2 based upon the mass-balance modeling of the KWIB range from 1400 mm/yr at 25°N paleolatitude to 3600 mm/yr at 45°N paleolatitude. The precipitation-evaporation (P-E) flux values were used to delineate zones of moisture surplus and moisture deficit. 
Geologic Significance
Quantifying global transfers of sensible heat by the oceans (Covey and Barron, 1988; Crowley, 1991; Barron et al., 1995; Sloan et al., 1995) and latent heat by the atmosphere are necessary to explain warmer polar temperatures (Parrish and Spicer, 1988a, b) during greenhouse periods of Earth history (Schneider et al., 1985; Huber et al., 1995; Upchurch et al., 1999) . Increased global temperatures increase the saturation vapor pressure of the troposphere, and modify latent heat transfer from low to high latitudes . Furthermore, as water vapor is a greenhouse gas, the increased vapor content of the lower atmosphere enhances the "greenhouse effect" (Rind and Chandler, 1991) . Elevated atmospheric pCO 2 levels from large igneous province eruptions (Larson, 1991; Tarduno et al., 1998) , and the presence of continental seaways (Poulsen et al., 1999) may have reduced regional thermal gradients by as much as 15°C.
Latent heat flux (LHF) through the atmosphere may also contribute significantly to 4 greenhouse-world heat transfer (Schmidt and Mysak, 1996; DeConto et al., 1999; Hay and DeConto, 1999) .
Empirical isotopic data from paleosol siderite nodules (sphaerosiderites) in the KWIB ( Fig. 2 ; Ludvigson et al., 1998; Ufnar et al., 2001 , 2004a ,b,c, 2005 , White et al., 2000a , b, 2001 are used to quantify precipitation and evaporation fluxes in the hydrologic cycle (Ludvigson et al., 1998 , White et al., 2001 Ufnar et al., 2002) . The use of sphaerosiderite δ 18 O values as a paleohydrologic proxy record is made possible by the recognition of Meteoric Sphaerosiderite Lines -MSLs (Ludvigson et al., 1998 (Ludvigson et al., 1998; White et al., 2001; Ufnar et al., 2002) .
Mass-balance modeling of the hydrologic cycle (Ufnar et al., 2002) during the Albian Stage suggests enhanced LHF during the mid-Cretaceous greenhouse warming (Ufnar et al., 2004c) . Quantifying LHF is essential to understanding reduced equator-topole temperature gradients.
The mid-Cretaceous Hydrologic Cycle
The δ 18 O values of sphaerosiderites from paleosol horizons (Fig. 3 ) define a latitudinal gradient in meteoric δ 18 O values that is steeper and more depleted than modern analogues (Fig. 4) . The Cenomanian δ 18 O latitudinal trend is also 7.5 (at 25°N lat.) to 9.0 ‰ (at 55°N lat.) lighter than the trend predicted using modern empirical temperature-δ 18 O relationships (Dansgaard, 1964; Rozanski et al., 1993 of the mid-Cretaceous tend to underestimate the export of tropical heat to higher latitudes through the atmosphere.
Methods

Sphaerosiderite-bearing Paleosols
The Cenomanian-aged (Mancini et al., 1987) sphaerosiderite-bearing paleosols of the Lower Tuscaloosa Formation were obtained from the Kern Brooks Oil Operations #1-11 Harrell Smith Core from Jefferson County, Mississippi . The Dakota Formation samples were obtained from the fluvial/estuarine deposits of the Rose
Creek Pit (RCP) near Fairbury, Nebraska (Gröeke et al., 2006) . The sphaerosiderite-6 bearing paleosols analysed from the Dunvegan Formation were obtained from the Type 5 paleosol pedocomplex marking position "E" in the east section of the Kaskatinaw River (New Bridge) section described by McCarthy et al. (1999) .
Stable Isotopes
The with the experimentally determined temperature-dependent oxygen isotope fractionation factor (Carothers et al., 1988) .
Mass Balance Model
The sphaerosiderite isotope values from the Cenomanian paleosols described here (Rozanski et al., 1993) . This is the same gradient that was generated for the Albian Mass Balance modeling of Ufnar et al., 2002 . The second modern trend was adopted from the δ 18 O of precipitation gradient modeled by Bowen and Wilkinson (2002 Ufnar et al., 2002) Upon completing the modern simulations, the input variables were changed for the Cenomanian gradient. The modern temperature gradient was replaced with the temperature gradient of Spicer and Corfield (1992) Independently-determined meteoric δ 18 O values are lacking, thus the meteoric values estimated from the sphaerosiderites are the best analogue until an independent empirical data set can be compiled.
Results
Paleosol Descriptions
Lower Tuscaloosa Formation
The sphaerosiderite bearing paleosols observed in the Harrell Smith core (3,210.6-3,211 m) are clay dominated mudstones with <10% very fine-grained quartz sand. The mudstones exhibit a striated birefringence fabric (b-fabric) and common clay coatings and infillings. The clay coatings are characterized by moderate-to well-oriented clay particles characterized by wavy extinction patterns under cross-polarized light (Bullock et al., 1985) and correspond to the sepic plasmic fabrics of Brewer (1964) . The clay coatings are generally fragmented, discontinuous, and exhibit gradational contacts with the surrounding matrix. The paleosol groundmass is predominantly grey with 30-50% prominent, coarse, purple-red mottling. The sphaerosiderites range from 1.0-1.75 mm in diameter, have radial concentric crystalline microstructures, and have faint to prominent oxidation rings (Fig. 2) . The oxidation rings are thicker and more prominent in the redmottled domains.
Dakota Formation Rose Creek Pit
The 
Dunvegan Formation
The sphaerosiderite-bearing paleosols are characterized by silty-to very fine-grained sandy mudstones with speckled-and striated b-fabrics. 
Stable Isotope Data
Lower Tuscaloosa Formation
The 3210.6 m interval of the Harrell Smith core yielded δ 18 O values that ranged from -5.4 to -4.8‰ with an average, MSL value of -5.0 ± 0.19‰ VPDB (Fig. 3) Formation ranged from -7.0 to -6.1‰ VSMOW (Fig. 5 ).
Dakota Formation RCP
The δ 18 O and δ 13 C values of the sphaerosiderites from the 8.6 m interval of the RCP section define a meteoric sphaerosiderite line (Ludvigson et al., 1998) 
Dunvegan Formation
Mass Balance Modeling Results
The three different modern/Holocene gradients that were used to calibrate the mass balance model generated very similar results. The precipitation and evaporation flux (Fig. 6) . A 1.6 to 1.8 x increase in precipitation flux was modeled at 25°N, and a 2.2 to 2.5 x increase in precipitation flux is modeled at 45°N for the Cenomanian. A 2.3 to 2.5 x decrease in precipitation flux compared to the modern simulations is modeled for 15°N paleolatitude.
Between 55-80°N latitudes, the Cenomanian precipitation flux profile is very similar to the modern precipitation flux values.
The evaporation flux profiles for the Cenomanian are significantly elevated in the low latitudes compared to all of the modern model simulations (Fig. 6) . The Cenomanian was modeled with evaporation fluxes that are approximately 2.4 x greater at 5°N latitude and 1.8 x greater than the modern at 25°N latitude.
Precipitation Rate Estimates
Using the precipitation flux values calculated from the model coupled with the paleotemperature estimates (Spicer and Corfield, 1992; Wolfe and Upchurch, 1987) , modern mean annual temperatures, and modern, zonally-averaged mean annual precipitation rates, estimates of paleoprecipitation rates can be calculated for the KWIB (Ufnar et al., 2002 (Ufnar et al., , 2004b . mm/yr, with a best scenario value of 3600 mm/yr. The equator-pole precipitation rate estimates through the KWIB are significantly greater in the tropics and the mid-latitudes compared to modern precipitation rates (Fig.8 ). The precipitation rates estimated for the Cenomanian are also potentially greater than those estimated for the Albian in the midlatitudes (Ufnar et al., 2002) .
Latent Heat Flux Calculations
The modeled precipitation and evaporation fluxes and estimated precipitation rates were used to estimate changes in latent heat flux over the KWIB during the Cenomanian Stage (Fig. 9) . 
Discussion
The modeling results for the Cenomanian Stage in the KWIB are somewhat different from those of the Albian ( Fig. 6 ; Ufnar et al., 2002 Ufnar et al., , 2004c (Mancini et al., 1987; Cameron and Hamilton, 1992) . Also, the pedogenically modified interfluvial deposits are characterized by an abundance of clay coatings, pedogenic slickensides, and striated b-fabrics all suggesting well-drained conditions, with frequent wetting and drying cycles (FitzPatrick, 1984; McCarthy et al., 1999a Albian and the Cenomanian.
The Late Albian was characterized by lower eustatic sea-level compared to the Cenomanian (Haq et al., 1987) , and the Late Albian of the KWIB is marked by a significant regression and coastal offlap . The Glen Rose paleosol described above is a sequence-bounding paleosol that marks the unconformity surface between the Edwards Group and the overlying Fredricksburg Group (Moore, 1996; Mancini and Puckett, 2005; Talbert and Atchley, 2000) . The Upper Glen Rose paleosol developed during the regressive phase of sea-level prior to the T5 maximum transgression of the Kiowa Skull Creek cycle in the KWIB (Talbert and Atchley, 2000; Kauffman, 1969 , 1977 , Caldwell, 1984 Kauffman and Caldwell, 1993) . The KiowaSkull Creek cycle was one of the first times in which the northern and southern arms of the western interior seaway were able to flood across the continental arch, connect and mix (Kauffman, 1969 , 1977 , Caldwell, 1984 Stelck and Koke, 1987, Kauffman and . However, the paleosol developed in the Upper Glen Rose likely developed during a regressive phase preceding this cycle (Fig. 10) , as the southern arm of the seaway was retreating and was isolated from the northern, cooler water connection.
The paleosols of the Lower Tuscaloosa most-likely developed during the multiple sea-level fluctuations that occurred during the initial Cenomanian transgression of the Greenhorn Cycle in the KWIB ( Fig. 10 ; Kauffman and Caldwell, 1993 Kauffman and Caldwell, 1993) . The mixing of cool, slightly brackish northern waters with warm, subtropical normal-salinity water masses would have had a significantly different impact on precipitation patterns and rates vs. that of a retreating, isolated, warm southern arm of the seaway Slingerland et al., 1996) .
GENESIS model results for the mid-Cretaceous (early Turonian) suggest that the climate was warm, humid and non-seasonal with precipitation rates on the order of 1100 mm/yr along the northern margin of Tethys (Slingerland et al., 1996) . These values are consistent with the precipitation estimates presented here as well as paleobotanical evidence from Wolfe and Upchurch (1987) . Albian Community Climate Model simulations (~100 Ma) however, that do not have a fully connected western interior seaway, predict zonally averaged precipitation rates on the order of approximately 730 mm/yr with a P-E value of -1.4 mm/day at 25°N paleolatitude (Barron et al., 1989) . The mid-Cretaceous GENESIS model experiments of Bice and Norris (2002) that used the plate reconstruction of Barron (1987) , which does not have a fully-connected KWIS, predict P-E values of -0.7 to -0.9 mm/day at 25°N paleolatitude. Thus, the Late Albian Commanche Shelf area (Rose, 1972; Bay, 1982) at 25°N was characterized by more arid conditions. The southeastern margin of the western interior seaway (25°N paleolatitude) was characterized by more humid and balanced P-E conditions during Cenomanian through early Turonian time. Thus, the mass-balance modeled difference in Albian vs.
Cenomanian P-E flux values and precipitation rates are supported by late-Early Albian (Barron et al., 1989; Slingerland et al., 1996) .
Both the Albian and Cenomanian mass balance model results suggest increased precipitation rates in the mid-to high-latitudes compared to the present. The estimates based upon the Cenomanian mass-balance model results suggest that the precipitation rates between 40-50°N latitude increased significantly (approximately 40%) when compared to the estimates for the Albian (Fig. 8 ). An increase in mid-latitude (40-45°N) precipitation rates from the Albian to Turonian is also predicted by GENESIS modeling experiments, with an increase on the order of 15% (Poulsen et al., 1999) .
Are the mass-balance model estimates excessive? It has been suggested that the sphaerosiderites from the Kaskatinaw Gorge (55°N paleolatitude) locality have been subjected to later diagenetic alterations and may not be a good proxy for precipitation (Vitali et al., 2002) . These values were used to estimate equivalent siderite values of -8 to -9.5‰ VPDB for the Cenomanian minimum simulations using the paleotemperature estimates of Wolfe and Upchurch (1987) . The δ 18 O values of the pedogenic clays should reflect that of the water involved in the weathering reactions (Faure, 1986) . Thus, the pedogenic clay δ .
The variability in the Albian vs. Cenomanian sphaerosiderite δ 18 O paleolatitudinal trends and modeling results underscores the need to reconstruct paleoclimatological conditions from multiple time-slices during the mid-Cretaceous in an effort to better understand the dynamics of a greenhouse world hydrologic cycle.
Conclusions
25
(1) The empirical paleolatitudinal trend in sphaerosiderite δ 18 O values form the Cenomanian of the KWIB is steeper and more depleted than that of the modern and the Albian reconstruction of Ludvigson et al. (1998) and Ufnar et al. (2002) . (2 Cyclothem 9. Figure Captions Table 1 . for sources). 
